Antiferromagnets themselves do not generate either stray elds or spontaneous magnetization. However, if an antiferromagnet is coupled with a ferromagnet, unique and useful characteristics appear. Exchange bias is one such characteristic that is utilized in spintronic devices like spin-valve lms. To date, exchange bias has been used to induce static effects in devices; however, the exchange bias has not been switchable in these devices. Recently, switchable exchange bias has been developed using Cr 2 O 3 , which exhibits a magnetoelectric effect in an antiferromagnetic layer. The promising features of this effect are (1) the strength of the exchange bias is high and its direction is perpendicular to the lm, and (2) the switching is triggered by an electric eld. In this overview, we will summarize our recent results on the unique temperature dependence of high, perpendicular exchange bias and magnetoelectric switching of the induced perpendicular exchange bias.
Introduction
Control of the direction of magnetization is a key requirement of spintronic and magnetic devices. The magnetization direction of a ferromagnetic (FM) material can be easily adjusted by using a magnetic eld or a spin-polarized current 1, 2) because FM materials possess spontaneous magnetization. In contrast, in an antiferromagnetic (AFM) material, the spins are fully compensated and spontaneous magnetization is not generated; thus, the spins of AFM materials have been difcult to control in devices. In fact, in conventional devices, AFM materials are used to x the magnetization directions of FM materials by inducing exchange bias 3) ; thus, AFM materials have been employed to induce static effects. If the exchange bias in a device can be switched, a new method of controlling spin as well as expanded functionality of spinvalve lms can be realized.
Cr 2 O 3 is an oxide AFM material that exhibits the magnetoelectric (ME) effect 4, 5) . In this effect, electric polarization is induced by a magnetic eld 4) , and conversely, magnetization is induced by an electric eld 5) . Notably, when magnetic and electric elds are applied simultaneously, the directions of the induced electric polarization and magnetization are controllable. The ME effect was predicted by Pierre Curie in 1894 6) , and in 1960, Dzyaloshinskii proposed that Cr 2 O 3 was likely to exhibit this phenomenon 7) . In Fig. 1 , the crystal structure and spin alignment of Cr 3+ in Cr 2 O 3 are shown schematically. Cr 2 O 3 has a corundum structure in which the Cr 3+ spins are aligned along the c-axis and are antiferromagnetically coupled in the adjacent layer [8] [9] [10] . This AFM ordering breaks time-reversal symmetry, and in addition, at the Cr 3+ ion site in the corundum structure, spatial inversion symmetry is broken. Because of these two simultaneous symmetry breaks, Cr 2 O 3 exhibits the ME effect.
Although the theoretical prediction was experimentally con rmed soon after the prediction by Dzyaloshinskii 4, 5) , the ME effect exhibited by Cr 2 O 3 was applied in spintronic devices only in 2005, by Borisov et al. 11) . They employed the ME phenomenon to control exchange bias electrically and demonstrated that the exchange bias in a [Pd/Co] 3 /Pd/ Cr 2 O 3 -substrate stacked system is controllable by an electric eld. At that time, the ME effect was still induced using bulk Cr 2 O 3 , and its demonstration in an all-thin-lm system was reported only very recently 12, 13) . As long as the ME effect of Cr 2 O 3 is caused by the interaction between the crystal structure and the spin alignment, high crystalline quality, suitable AFM ordering, and suf cient Cr 2 O 3 thin lm resistivity are * Corresponding author, E-mail: shiratsuchi@mat.eng.osaka-u.ac.jp 
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essential to realize the ME phenomenon in an all-thin-lm system; however, achieving these characteristics remains non-trivial. In this paper, we review the previous reports on ME-controlled exchange bias in all-thin-lm systems with Cr 2 O 3 layers, focusing mainly on our own achievements [13] [14] [15] [16] [17] [18] . We also discuss the characteristics of the exchange bias achieved using Cr 2 O 3 thin lms because it has been hypothesized that exchange bias can be induced by using this material, and exchange bias itself is of signi cant interest in the eld of nano-magnetism. In chapter 2, we show that the exchange bias induced by a Cr 2 O 3 (0001) thin lm exhibits (1) high, perpendicular exchange anisotropy above 0.4 mJ/m 2 and unique temperature dependence, with abrupt onset at a speci c temperature, as well as (2) a close relationship with the boundary magnetization, which is coupled with the ME effect. In chapter 3, we present two methods of switching the ME-controlled exchange bias: ME eld cooling (MEFC) [11] [12] [13] and isothermal switching 16, 19, 20) . In chapter 3, we also address dynamic exchange bias reversal by using a pulsed voltage.
Perpendicular Exchange Bias Induced by Cr 2 O 3 (0001)
Thin Film 2.1 High, perpendicular exchange bias and its unique temperature dependence Future spintronic/magnetic devices should be capable of high integration, low power consumption, and high-speed operation, among other requirements. To realize these characteristics, it is commonly considered that the spin orientation should be perpendicular to the lm, unlike in a conventional in-plane magnetized system. This paradigm shift is required not only for the FM/AFM spin orientation, but also for the exchange bias direction; that is, perpendicular exchange bias is also required. Since the Cr 3+ spins are aligned along the c-axis of the corundum structure ( Fig. 1) , it is expected that the AFM spin orientation is restricted to the direction perpendicular to the lm and that perpendicular exchange bias can therefore be induced by aligning the c-axis of the Cr 2 O 3 thin lm along the surface normal. We previously reported that, by appropriately choosing the substrate and buffer layer, a Cr 2 O 3 (0001) layer could be grown easily using conventional sputtering techniques and that subsequent layers were grown epitaxially on the Cr 2 O 3 (0001) layer 14) . A typical magnetization curve exhibiting perpendicular exchange bias, measured using the polar magneto-optic Kerr effect (MOKE), is shown in Fig. 2 . This curve was obtained by using a Pt(111)/Co(111)/Cr 2 O 3 (0001)/ Pt(111) stacked lm. The out-of-plane magnetization component is observable in the polar MOKE; thus, the exchange bias shown in Fig. 2 agrees with the above prediction. The exchange anisotropy energy J K , de ned as J K = M S ·t FM ·H EX (where M S is the saturation magnetization, t FM is the FM layer thickness, and H EX is the exchange bias eld), can exceed 0.4 mJ/m 2 15) . Perpendicular exchange bias has been reported in several systems using other AFM layers such as CoO 21) , NiO 22) , FeF 2 23) , MnPd 24) , Fe-Mn [25] [26] [27] , and Ir-Mn 26, [28] [29] [30] [31] . 25, 26) and Fe-Co 30, 31) between their Pt/Co multilayers and Ir-Mn layers. This is because that when the Pt/Co multilayer is directly deposited on the Ir-Mn layer, the inplane interface magnetic anisotropy was induced 28) . The inplane interface magnetic anisotropy at an FM/AFM interface tends to cant the interfacial spins away from the surface normal. In order to suppress this effect, a suitable spacer layer can be inserted to induce interface perpendicular magnetic anisotropy 29) , implying that collinear spin alignment along the normal to the FM/AFM interface is suf cient to induce high, perpendicular exchange anisotropy. This effect can be simply predicted by the fact that the exchange coupling energy is proportional to the scalar product of the FM and AFM spins. Thus, the relatively high J K value observed in the Pt/ Co/Cr 2 O 3 /Pt lm can be understood as having been partly caused by the Cr 3+ spins being aligned perpendicular to the lm at the Cr 2 O 3 (0001) surface. In addition, unlike in the [Pt/ Co]-multilayer/Ir-Mn lm, the perpendicular magnetic anisotropy at the Co/Cr 2 O 3 interface 32) would also contribute the high J K value.
The perpendicular exchange bias, induced by the Cr 2 O 3 (0001) thin lm, exhibits unique temperature dependence 14) . Figure 3 (a) shows the variation of the coercivity with temperature. In the gure, the coercivities H C1 and H C2 de ned in Fig. 2 for the increasing and decreasing branches of the magnetization curve, respectively, are shown separately. The measurements were performed after the sample was cooled in a magnetic eld of −4 kOe. The absolute values of H C1 and H C2 increase with decreasing temperature, and at 122 K, H C2 abruptly increases and changes sign. Since H EX = (H C1 − H C2 )/2, this abrupt change indicates the abrupt onset of exchange bias, as shown in Fig. 3(b) . In Fig. 3(b) , it is also evident that the coercivity H C = (H C1 + H C2 )/2 abruptly decreases at the H EX onset temperature and that the amount of decrease, ΔH C , is exactly equal to H EX at that temperature. In the Mn-based system, the above-mentioned critical condition for the appearance of H EX was rarely observed in the AFM layer thickness dependence of H EX 33, 34) and was not evident at all in its temperature dependence. Instead, the temperature dependences of H EX in other exchange-biased systems have often shown that H EX gradually decreases with increasing temperature and nally becomes zero at the blocking temperature [35] [36] [37] [38] [39] . This trend occurs because the thermal agitation of the AFM magnetization dominates the temperature dependence of the exchange bias.
The abrupt onset of H EX and the quantitative relationship H EX = ΔH C at the onset temperature are predicted by the simple model developed by Meiklejohn and Bean, termed the M-B model 33, 34, 40) . The total magnetic energy density per unit area of an FM/AFM stacked system is expressed as
where t is the total thickness, H is the external magnetic eld, K FM is the magnetic anisotropy of the FM layer, K AFM is the magnetic anisotropy of the AFM layer, t AFM is the AFM layer thickness, J is the interfacial exchange coupling energy, and α and β denote the angles of the FM and AFM spins, respectively, from the surface normal (see Fig. 4 ). The rst and second terms represent the Zeeman energy and the magnetic anisotropy energy of the FM layer, respectively. In the case of an in-plane exchange-biased system, K FM can sometimes be neglected because the FM layer is often polycrystalline, and the magnetic easy axes are therefore randomly dispersed in the lm plane. Furthermore, magnetic anisotropy is not required to express the in-plane magnetization of the FM layer correctly if the demagnetization eld, −2πM S 2 , is considered 33, 34) . However, in the case of a perpendicular exchange-biased system, it is necessary to use K FM to express the perpendicular magnetic anisotropy of the FM layer correctly; otherwise, the magnetization would lie in the lm plane because of the strong in-plane demagnetization eld. The third term is the magnetic anisotropy of the AFM layer, and the last term represents the interfacial exchange coupling between the FM and AFM spins. Based on previous reports on in-plane exchange-biased systems 33, 34) , for our analysis, we also de ned a reduced anisotropy control parameter C KT according to
and a reduced magnetic-eld control parameter C H according to
C KT and C H are dimensionless parameters re ecting the magnetic anisotropy energy density of the AFM layer per unit area and the magnetic eld, respectively. C H can express either the exchange bias or the coercivity by using H EX or H C , respectively, as H in eq. (3). Using eq. (1), the magnetization curves for the various values of C KT were calculated. Then, the obtained C H values were plotted versus C KT , as shown in . When C KT = 1, the exchange bias appears, and the coercivity diminishes abruptly. If C KT < 1, the AFM spins reverse together with the FM spins. In this case, the exchange anisotropy appears as a coercivity enhancement. However, when C KT > 1, the AFM spin direction is xed even when the FM spin is reversed because the magnetic anisotropy of the AFM layer overcomes the interfacial exchange coupling. Based on this simple discussion, the temperature dependences of H EX and H C that are shown in Fig. 3 can be explained by assuming that K AFM /J changes with temperature. Based on the above criterion for the appearance of H EX , i.e., C KT = 1, the onset temperature of H EX is expected to increase with increasing t AFM or with decreasing J. This prediction was qualitatively con rmed by varying t AFM 14) (Fig. 5(a) ) and J by inserting Pt spacer layers with different thicknesses 41) ( Fig. 5(b) ). However, the quantitative validity of the H EX onset criterion has not been veri ed with absolute certainty, partly because the above model is based on the coherent rotation of the FM spin reversal and because the AFM spins are constant in spite of the FM spin reversal. In fact, a linear relationship between K AFM t AFM and J K was not obtained at the onset temperature, as shown in Fig. 6 . The data presented in Fig. 6 were acquired using various samples possessing different t AFM and J K , and the K AFM value at the onset temperature was estimated from the reported bulk value 42) . In order to explain the onset temperature quantitatively, further investigations including the determination of K AFM in collaboration with theoretical calculations are necessary.
Perpendicular exchange bias and boundary magnetization on Cr 2 O 3 (0001) surface
Exchange anisotropy is induced by interfacial exchange coupling between the FM and AFM spins, and exchange bias is observed because of the unidirectional nature of this exchange anisotropy. This unidirectional nature requires some symmetry breaking of the interfacial spin structure. Interfacial uncompensated AFM spins can cause this symmetry breaking, and substantial effort has been devoted to determining their origin 43, 44) and their quantitative relationship with J K 45, 46) . On Mn-Ir(111) surfaces, which have been intensively studied, the interface Mn spins are fully compensated unless the Mn-Ir is exchange-coupled with the FM layer. Furthermore, in in-plane exchange-biased systems such as Co-Fe/ IrMn(111) lm, it has been shown that uncompensated Mn spins can be induced by spin canting from the original direction due to exchange coupling with the FM spins 44) . The canting angle, which is proportional to the amount of uncompensated AFM spin, increases with increasing interfacial exchange coupling strength. Hence, J K is proportional to the amount of interfacial uncompensated AFM spin 45) . In contrast, the interfacial uncompensated AFM spin amount in a Pt/Co/Cr 2 O 3 perpendicular exchange-biased system is closely related to the boundary magnetization on the Cr 2 O 3 (0001) surface. This boundary magnetization was rst advocated by Andereev in 1996 47) , and more recently by Belashckenko in 2010 48) . They predicted, based on symmetry arguments, that the boundary of an ME AFM layer such as Cr 2 O 3 has an equilibrium magnetization. The boundary magnetization can be detected using surface-sensitive spin-polarized probes such as X-ray magnetic circular dichroism (XMCD) 13, 49) . In a Pt/ Co/Cr 2 O 3 thin lm, clear XMCD signals could be detected at both the Co L 3 and Cr L 3 edges, as shown in Fig. 7 (a) , and 14) and (b) different Pt spacer layer thicknesses 41) , i.e., with different interfacial exchange coupling energies. Fig. 6 Relationship between K AFM ·t AFM and J K at onset temperature for various lms possessing different J K and t AFM . K AFM at onset temperature was estimated from bulk value 42) . 784 Y. Shiratsuchi and R. Nakatani the Cr XMCD signal was found to reverse when the Co spin was reversed (Fig. 7(b) ). Thus, the induced boundary magnetization is exchange-coupled with the FM spin. The results shown in Fig. 7 also reveal that the Co and Cr spins are antiferromagnetically coupled because the signs of their XMCD signals are opposite. Furthermore, the Cr XMCD signal could be detected by the surface-sensitive total electron yield method, but not by the bulk-sensitive transmission method 13) , indicating that the uncompensated AFM spins were localized at the Co/Cr 2 O 3 interface; these results agree with the boundary magnetization mechanism. It should be noted that for the Cr 2 O 3 (0001) thin lm alone, no Cr XMCD signal was detected 13) , because the magnetic domains that possess oppositely directed boundary magnetizations are energetically degenerate and because the boundary magnetization, i.e., the interfacial uncompensated AFM spins are not macroscopically detectable. In contrast to the Co-Fe/Mn-Ir(111) in-plane exchange-biased system, the XMCD intensities at Cr L 2,3 edges are similar for lms possessing different interface roughnesses and J K values 13) . These characteristics also agree with the theoretical prediction that the boundary magnetization is roughness-insensitive and in an equilibrium state 48) . The boundary magnetization and J K are not coupled; however, the boundary magnetization direction is coupled with the exchange bias polarity 15, 18, 19) . Figure 8 shows the spatial distributions of the XMCD intensities measured at the Co L 3 and Cr L 3 edges, which correspond to the FM and AFM domains, respectively, at 265 K after cooling the sample in zero magnetic eld to maintain the demagnetized state 18) . It can be seen that the FM and AFM domain patterns are spatially similar, indicating that the FM and AFM layers are exchange-coupled on a domain-by-domain basis. Furthermore, the magnetization curves after zero-eld cooling exhibit exchange bias elds with both positive and negative directions, indicating that the polarity of the exchange bias is determined on a domain-by-domain basis. Spatial coupling of FM and AFM domains has also been reported in a Co/LaFeO 3 in-plane exchange-biased system 50) .
Magnetoelectric Switching of Perpendicular Exchange Bias in All-Thin-Film Systems
Martin and Anderson 51) derived the free energy of an ME substance under magnetic and electric elds as
where the rst term is a constant. The second and third terms represent the pyromagnetism and the pyroelectric polarization, respectively, which can be eliminated for Cr 2 O 3 because of the crystallographic symmetry. The fourth and fth terms represent the magnetization and the electric polarization, respectively, and the sixth term represents the ME effect. F + and F − denote the free energies of the oppositely directed AFM spins. Equation (4) indicates that an energy difference that can be expressed as
is generated for oppositely directed AFM domains. In other words, by applying magnetic and electric elds simultaneously, i.e., if H and E are both non-zero, the AFM domains are switchable [11] [12] [13] 16, 17, 19, 20, 51) . Since the polarity of the perpendicular exchange bias in a Pt/Co/Cr 2 O 3 /Pt system is determined by the interfacial AFM spin orientation, the exchange bias can be made switchable by using the ME effect. Figure 9 shows an example of the change in the exchange bias polarity achieved by simultaneously applying magnetic and electric elds. To obtain this gure, a Pt(5 nm)/Co(0.8 nm)/ Pt(0.5 nm)/Cr 2 O 3 (150 nm)/Pt(20 nm) stacked lm was used. Upon polarity reversal, H is constant in both polarity and strength; thus, the exchange bias polarity reversal was caused by the reversal of E. To date, two types of ME-induced switching have been proposed: MEFC switching [11] [12] [13] and isothermal switching 16, 19, 20) . In the following sections, we describe the microscopic mechanisms of these two switching modes.
Magnetoelectric eld cooling mode
In general, exchange bias is induced by cooling a sample from above the Néel temperature in a magnetic eld, which is known as the eld-cooling process. MEFC is, in contrast, a cooling process in which magnetic and electric elds are applied simultaneously during cooling 11) . In MEFC, the polarity of the exchange bias is determined by the sign and amplitude of the product of H and E, i.e., the EH product. Figure 10(a) shows the change in H EX with E during MEFC for a Pt(5 nm)/Co(0.8 nm)/Cr 2 O 3 (200 nm)/Pt(20 nm) thin lm. H was kept constant in the range of 8 kOe to 10 kOe during the MEFC process. Below the threshold value of E, H EX is negative, similarly to in the conventional eld cooling process, because of the positive value of H. When E increases to above its threshold value, H EX changes sign from negative to positive. In the gure, it is also apparent that the threshold value of E increases with decreasing H. We de ned the threshold value of E as that at which H EX becomes zero. The variation of the threshold value of E with H is shown in Fig. 10(b) . The threshold value of E is inversely proportional to H, indicating that the EH product is constant at the threshold, which agrees with the ME mechanism described above. In Fig. 10(b) , the results for lms with different J K are plotted. The J K values presented in Fig. 10(b) were calculated using H EX at a measurement temperature of 265 K. J K can be altered by changing the crystalline quality of Cr 2 O 3 13) or by inserting a Pt spacer layer between the Co and Cr 2 O 3 to change the interfacial exchange coupling strength 41) (also see Fig. 5(b) ). The slope of each line in Fig. 10(b) corresponds to the EH product required to switch the exchange bias polarity. It is likely that the slope increases with increasing J K , so a higher EH product is required for lms possessing higher J K . This observation can be qualitatively interpreted as the energy competition between the interfacial exchange coupling energy and the energy gain by the ME effect 17) . Below the threshold value of the EH product, the interface exchange coupling with the FM spins determines the direction of the interfacial AFM spins. In this case, the polarity of the exchange bias is determined by the magnetic eld direction, as in the conventional eld cooling process. When the EH prod- . 786 Y. Shiratsuchi and R. Nakatani uct exceeds the threshold value, the energy gain due to the ME effect overcomes the interfacial exchange coupling energy; then, the direction of the interfacial AFM spins is determined by the ME effect. Obviously, exchange bias polarity reversal occurred when the above-mentioned energy competition actually occurs. On the other hand, when the electric eld was applied in the opposite direction, both the ME effect and the interfacial exchange coupling induce exchange bias with the same polarity, and exchange bias polarity reversal does not occur.
Although the energy competition between the ME effect and the interfacial exchange coupling qualitatively explains the results, quantitative interpretation is a non-trivial problem. One dif culty lies in determining the interfacial exchange coupling energy because it is not equal to J K , as has been intensively discussed since the discovery of exchange anisotropy 40) .
Isothermal switching mode
The MEFC mode requires temperature hysteresis to switch the exchange bias polarity, and switching occurs upon formation of the AFM order. Thus, this process yields the minimum EH product for a lm. MEFC could be useful, for example, for heat-assisted magnetic recording 52) . In contrast, isothermal switching occurs at a constant temperature, as its name suggests. In addition to this important engineering difference, isothermal switching enables us to access the dynamics of switching with pulsed voltages 16) . Figure 11 shows the changes in H EX and remanence ratio with the duration of the input voltage pulses. The lm used to obtain Fig. 11 was identical to that used for Fig. 10(a) . In the measurements, the temperature was maintained at 268 K, and H was held constant at −796 kA/m during the voltage application. The amplitude of the pulsed voltage was −35 V, which corresponds to E = −175 MV/m. The input EH product was therefore approximately 1.3 times higher than the threshold EH product of ~−1.1 × 10 14 A·V/m 2 at this temperature. As shown, H EX increases and the remanence ratio decreases gradually with increasing pulse duration. The time required to complete the switching process is 200-300 ns under these conditions. This switching time is very long compared with the precession time of the FM and AFM spins, which is typically in the sub-nanosecond range 53) . The slow switching implies that the switching process is dominated by magnetic domain wall motion. According to reports on magnetic domain wall dynamics examined using FM wires, the magnetic domain wall velocity depends on the input energy density 54) , and it is expected that the switching time of our investigated system could be decreased by increasing the input EH product. The variation of the switching time with the input EH product is now under investigation.
In principle, it would be possible to determine the AFM domain wall mobility from this type of measurement, using a method similar to that employed for FM wires 55, 56) . However, the domain wall propagation direction is more dif cult to determine in AFM materials than in FM wires. Hence, direct observations of the magnetic domain structure changes after applying pulsed elds are necessary, and we are now investigating this type of measurement.
Concluding Remarks
Recent progress in investigations of perpendicular exchange bias using Cr 2 O 3 as an AFM material and its ME functionality were reviewed in this report. This overview is mainly dedicated to the achievements of our research group because ME control of perpendicular exchange bias is a new eld in which we have been very active since the rst report of this phenomenon in an all-thin-lm system. This pioneering work has led to increasing research in the eld of ME control of AFM spin. Together with these recent developments, experimental techniques such as AFM domain imaging using focused soft/hard X-rays will help understanding of the underlying physics. The authors believe that these characterization techniques will contribute to achieving the requirements of advanced spintronics and hope to establish a community in this research eld.
